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Complex iron–sulfur molybdoenzyme familyAn alternative complex III (ACIII) is a respiratory complex with quinol:electron acceptor oxidoreductase
activity. It is the only example of an enzyme performing complex III function that does not belong to bc1
complex family. ACIII from Rhodothermus (R.) marinus was the ﬁrst enzyme of this type to be isolated and
characterized, and in this work we deepen its characterization. We addressed its interaction with quinol
substrate and with the caa3 oxygen reductase, whose coding gene cluster follows that of the ACIII. There is at
least, one quinone binding site present in R. marinus ACIII as observed by ﬂuorescence quenching titration of
HQNO, a quinone analogue inhibitor. Furthermore, electrophoretic and spectroscopic evidences, taken
together with mass spectrometry revealed a structural association between ACIII and caa3 oxygen reductase.
The association was also shown to be functional, since quinol:oxygen oxidoreductase activity was observed
when the two isolated complexes were put together. This work is thus a step forward in the recognition of
the structural and functional diversities of prokaryotic respiratory chains.dodecyl β-D-Maltoside; HQNO,
+351 2144269314.
.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
In aerobic organisms most of energy is obtained by oxidative
phosphorylation. The energy released by the transfer of electrons
through membrane bound complexes is used to translocate protons
and other ions across the membrane. This process, consequently
creates an electrochemical potential difference that can be used by
ATP synthase to produce ATP. The mitochondrial electron transfer
respiratory chain is composed by four different membrane complexes
(I–IV). Complexes I and II are the electron entry points while complex
IV reduces the ﬁnal electron acceptor, dioxygen. Complex III, also
called cytochrome bc1, mediates electron transfer between complex I
or II and complex IV by accepting electrons from reduced quinones
and reducing cytochrome c. Prokaryotic respiratory chains are quite
diverse, having several alternative enzymatic complexes, as well as
distinct types of electron carriers. However, until recently no
alternative complex to the cytochrome bc1 was known.
The complexes of the respiratory chain of the bacterium
Rhodothermus (R.) marinus have been widely studied. R. marinus is a
Gram negative bacterium belonging to the Bacteroidetes phylum [1].
It is a strict aerobe and moderate halophile that grows optimally at
65 °C with 1–2% of NaCl [2,3].Like in mitochondria, complex I [4,5] and complex II [6,7] are the
electrons entry points. Oxygen can be reducedby three different oxygen
reductases: caa3 [9,10], cbb3 [11] and ba3 [12] which belong to the A2, C
and B families of heme–copper oxygen reductases, respectively [10].
One of the unique features of the respiratory chain of this bacterium is
the presence of a different complex III [8]. This was the ﬁrst recognized
example of a complex alternative to the canonical cytochrome bc1
complex, that possess a completely different structural composition,
while performing the same catalytic reaction: namely linking quinol
oxidation to the reduction of electron carriers, in this case a HiPIP. The
presence of this type of complex is not exclusive of R. marinus. In fact, it
was recently shown to be a widespread enzyme at least in the Bacteria
domain, given that the genes coding for its subunits are present in
several organisms [13,14] in which the genes coding for the canonical
bc1 complex are absent [13–16]. Alternative complex III is composed by
peripheral and transmembrane proteins. One of the latter is predicted to
have quinone binding sites, while the largest peripheral subunit has one
binding motif for a [3Fe–4S]1+/0 cluster and three binding motifs for
[4Fe–4S]2+/1+ clusters. Two other subunits, one with ﬁve and another
with one c-type heme binding motifs are also present in the complex
[8,16]. The genes coding for the subunits of ACIII are clustered together
[13,14,16]. Moreover, in several organisms the gene cluster of ACIII is
followed by that coding for oxygen reductases [13,14]. The caa3 oxygen
reductase of R. marinus is composed by four subunits and has ﬁve redox
centres. A low-spin heme a and a binuclear centre (high-spin heme a3
and a CuB centre) are present in subunit I, while a CuA and a low-spin
heme c are present in subunit II. This enzyme reduces oxygen towater in
a reaction coupled toprotonpumping [17]. Thegenes coding for the caa3
Fig. 1. Rhodothermus marinus genomic organization of the genes coding for the alternative complex III (black boxes) and those coding for the caa3 oxygen reductase (gray boxes).
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which the ﬁrst one, SCOI, codes for a protein involved in the
incorporation of copper [10].
Functional associations involving the complexes from mitochon-
drial respiratory chains have been already described, namely,
involving complex III and oxygen reductases. These associations
were also found in some bacteria like Mycobacterium smegmatis [18],
Corynebacterium glutamicum [19], Thermophilic bacterium PS3 [20] and
Paracoccus denitriﬁcans [21].
Herein, a deeper characterization of the alternative complex III is
presented, namely its interaction with menadiol, a quinol analogue,
and with the caa3 oxygen reductase.
2. Experimental procedures
2.1. Bacterial growth and protein puriﬁcation
Growth of R. marinus strain PRQ62b was performed as described
before [8]. Solubilised membranes (prepared according to [8]) in
20 mM Tris–HCl, 1 mM PMSF, and 0.05% n-dodecyl β-D-maltoside
(DDM) pH 8 were applied into a Q-Sepharose High Performance
column. The sample was eluted applying a gradient from 0 to 0.5 M of
NaCl in the same buffer. A fraction eluted with approximately 0.35 M
of NaCl, called D5, and containing both the ACIII and the caa3 oxygen
reductase was obtained. This fraction was used for further studies,
including a Blue Native (BN)-PAGE and a Tricine-SDS-PAGE. The same
fraction was also submitted to further chromatographic procedures in
order to isolate the ACIII and the caa3 oxygen reductase as described
before [8,17].
2.2. DNA techniques
R. marinus genomic DNA was extracted from a liquid grown
culture using a GenElute Bacterial Genomic DNA kit (Sigma). In order
to conﬁrm that the gene clusters coding for the ACIII and for the caa3Fig. 2. Coomassie stained Tricine-SDS-PAGE of the alternative complex III from
Rhodothermus marinus highlighting the subunit G with an apparent molecular mass of
18 kDa.oxygen reductase were consecutive, appropriate primers were
designed. The forward primer (5′-ATG GCC GAA G TG AAA GCG
AA-3′) was designed to hybridize with the last gene of the cluster
coding for ACIII while the reverse primer (5′-CCT TTA CCC CAC CAC
CGC AT-3′) was designed to hybridize with the ﬁrst gene of the
cluster coding for the caa3 oxygen reductase. The sequence of the
PCR product obtained was translated using an expasy tool (http://
www.expasy.org/tools/dna.html).
2.3. Prediction of transmembrane topology
Transmembrane topology was predicted using ConpredII at
http://bioinfo.si.hirosaki-u.ac.jp/~Conpred2/ [22].
2.4. Fluorescence spectroscopy
The binding of HQNO (2-heptyl-4-hydroxyquinoline-N-oxide) to
the ACIII was measured on a Cary Varian Eclipse ﬂuorescence
spectrophotometer. The excitation wavelength was set at 341 nm
and the emission spectra were recorded between 370 and 600 nm.
These measurements were performed considering the quenching of
the HQNO ﬂuorescence by the addition of ACIII. The complex was
added to a 6 µM HQNO solution in small aliquots to a maximum
concentration value of 4.4 μM. The ﬂuorescence of the ACIII at the
mentioned wavelengths was also measured and subtracted. The
number of binding sites (n) and the binding constant (K) were
determined from the following equation [23],
log F0−Fð Þ= F = logK + n log Q½  ð1Þ
where the values F and F0 are the ﬂuorescence intensities of HQNO in
the presence and absence of the ACIII (quencher), respectively.
2.5. Electrophoresis
The BN-PAGE was performed as in [24] and the Tricine-SDS-PAGE
was carried out as in [25] with 10% T, 3% C. Heme staining was done as
in [26] to identify the protein bands of the complex having covalently
bound hemes. The bands of BN-PAGE were also stained for
cytochrome c oxidase activity according to [27].
2.6. Mass spectrometry assays
The protein bands present in the Tricine-SDS-PAGE having as
sample the D5 lane of the BN-PAGE were excised from the gel and
submitted to proteolytic digestion with Trypsin or Chymotrypsin. The
mass spectra of the peptides were acquired by MALDI-TOF in the
positive reﬂection mode in the Mass Spectrometry Laboratory,
Analytical Services Unit of ITQB/IBET. The identiﬁcation of the
peptides was performed either by searching in the databases with
Mascot software (http://www.matrixscience.com) or by direct
comparison of the molecular masses predicted for the peptides with
those experimentally obtained. The molecular masses of the peptides
were predicted using PeptideMass at http://expasy.org/cgi-bin/
peptide-mass.pl.
The protein band observed in the Tricine-SDS-PAGE with an
apparent molecular mass of 18 kDa was also analysed by MS/MS after
in-gel digestion with Trypsin.
Fig. 3. UV–Visible absorption spectra of the alternative complex III in the oxidized state (━) and reduced by menadiol (—) or by sodium dithionite (- - -). In the absence (A) and
presence (B) of HQNO.
1479P.N. Refojo et al. / Biochimica et Biophysica Acta 1797 (2010) 1477–14822.7. UV–Visible absorption spectroscopy
UV–Visible absorption spectroscopy was performed using a
Shimadzu UV-1603 spectrophotometer. The ACIII (0.28 μM) spectra
weremeasured under anaerobic conditions using amixture of glucose
(3 μM), glucose oxidase (4 U/mL) and catalase (132 U/mL). HQNO
(used three times more concentrated than ACIII) was used as
inhibitor.
2.8. Activity assays
The menaquinol:oxygen oxidoreductase activity was determined
by the oxygen consumptionmeasured polarographically with a Clark-
type oxygen electrode, YS Model 5300, from Yellow Springs. The
assays were carried out at 30 °C in 20 mM potassium phosphate pH
6.5 buffer. Menadiol, obtained by reducing menadione with sodium
dithionite [28] was used as the electron donor for the menaquinol:
oxygen oxidoreductase activity measurements. The ACIII and the caa3oxygen reductase were used in a 1:1 ratio. KCN (≈0.7 mM) and
HQNO (the same ratio as before) were used as inhibitors of caa3
oxygen reductase and ACIII, respectively. The activity values were
calculated per milligram of caa3 oxygen reductase.
3. Results
3.1. The genomic organization and the new subunit of the alternative
complex III
In the genome of several organisms the gene cluster coding for the
ACIII precedes the gene cluster coding for oxygen reductases [13,14].
In most genomes in which this type of organization is observed the
oxygen reductase genes code for a caa3, nevertheless examples of
genes coding for other oxygen reductases, such as cbb3 oxygen
reductases are also present [13].
In order to investigate whether R. marinus genome contains such a
gene organization, suitable primers were designed to amplify the
Fig. 4. Double-log plot of the quenching effect on HQNO ﬂuorescence by the alternative
complex III monitored at 479 nm. The data were ﬁtted using Eq. (1).
1480 P.N. Refojo et al. / Biochimica et Biophysica Acta 1797 (2010) 1477–1482region between the two clusters. A PCR product with ca 1800 bp was
obtained and sequenced. The N-terminal and C-terminal parts of this
sequence corresponded to those of the ActF and SCOI deduced
sequences, showing that indeed in R. marinus the gene clusters coding
for the ACIII and for the caa3 oxygen reductasewere consecutive (Fig. 1).
Furthermore, the PCR product encoded an ORF, named ActG, which
did not correspond to any of the already known subunits of the two
complexes. The protein encoded by this gene, named G, was predicted
to have 14.5 kDa and one transmembrane helix and no binding motifs
for redox cofactors. The subunit G was assigned to the protein band
observed in the SDS-PAG of the ACIII with an apparentmolecularmass
of 18 kDa (Fig. 2). This assignment was conﬁrmed by peptide mass
ﬁngerprint analysis (data not shown).
3.2. Interaction of alternative complex III with menadiol
The interaction of ACIII with menadiol, a menaquinol analogue,
was investigated by UV–Visible absorption spectroscopy. It was
observed that the oxidized ACIII was approximately 60% reduced by
menadiol (Fig. 3 A). The fully reduced state of the complex was
achieved by the addition of sodium dithionite. In order to check the
speciﬁcity of menadiol reduction, HQNO, a menadiol structuralFig. 5. Blue Native-PAGE of D5 fraction (lane 2), alternative complex III (lane 3) and caa3 oxy
gel was stained with Coomassie (A), with heme-staining procedures (B) and cytochrome canalogue and an inhibitor of several quinone interacting enzymes,
was used. In its presence the reduction by menadiol was 25%
inhibited (Fig. 3 B).
Several studies showed that the ﬂuorescence intensity of HQNO is
quenched upon its binding to a protein (e.g. DMSO reductase [29] and
nitrate reductase [30]). HQNO has amaximum ﬂuorescence at 479 nm
when excited at 341 nm. A decrease in its ﬂuorescence intensity with
the increasing concentration of the ACIII was observed (data not
shown). The ﬂuorescence quenching titration data were analysed
considering the quenching of HQNO ﬂuorescence intensity by ACIII as
a static process [31]. A binding constant of 159 nM−1 and the
presence of 1 binding site (n=1.1) were calculated from the ﬁtting of
Eq. (1) (Fig. 4).
The obtained results indicated that the ACIII of R. marinus has one
binding site for HQNO. Nevertheless, the presence of more quinone
binding sites, as observed for the bc1 complex cannot be excluded.
3.3. Interaction between alternative complex III and caa3 oxygen
reductase
3.3.1. Structural association
The structural association of the ACIII and the caa3 oxygen
reductase was investigated by native gel electrophoresis (Fig. 5). For
this process, i- the fraction D5, obtained after the ﬁrst chromato-
graphic step; ii- the isolated ACIII and iii- the caa3 oxygen reductase
were applied in independent lanes in a BN-PAG. The result of this
electrophoresis showed that ACIII migrated with an apparent
molecular mass of 361 kDa, while the caa3 oxygen reductase showed
an apparent molecular mass of 210 kDa. Bands corresponding to these
masses could not be observed in the lane of the D5 fraction. Instead, a
band with an apparent molecular mass of 550 kDa was detected,
which suggested that D5 fraction contained an association of ACIII and
caa3 oxygen reductase. Replicates of the gel were submitted to other
staining procedures. Heme staining (Fig. 5 B) revealed that the
550 kDa band was the only one which stained for covalently bound
hemes in the lane of D5 (Fig. 5 B, lane 2). This result was consistent
with the presence of an association of ACIII and caa3 oxygen reductase.
Lanes 3 and 4, containing ACIII and caa3 oxygen reductase,
respectively, as expected, stained both under this procedure. The in-
gel cytochrome c oxidase activity assays showed a positive result for
the caa3 oxygen reductase and in the case of D5 fraction the activity
marker was spread in the ﬁrst half of the lane but it was absent in the
200 kDa region. The results from the two staining procedures
corroborated the association of the ACIII and caa3 oxygen reductase.gen reductase (lane 4). Molecular mass protein markers are present in lane 1. The native
oxidase in-gel activity (C).
Fig. 6. UV–Visible absorption spectra of the alternative complex III in the oxidized and reduced state, and re-oxidized by the caa3 oxygen reductase.
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submitted to a Tricine-SDS-PAGE (2D) (Supplementary Fig. 1). Several
bands were observed in this denaturant second dimension. Never-
theless, in the lane corresponding to the band with the apparent
molecular mass of 550 kDa only subunits with apparent molecular
masses compatible with subunits of the complexes III and IV were
observed. It was not possible to assign the bands to each subunit just
by analysing the migration proﬁles of the subunits because two of the
subunits of ACIII [16] and two of the caa3 oxygen reductase [17] show
the same apparent molecular masses upon electrophoresis. The
protein bands were further identiﬁed by MS analysis: bands 1, 3
and 4 were assigned to subunits B, F and E (monohemic cytochrome
c), respectively, of the ACIII; band 5was identiﬁed as subunit III of caa3
oxygen reductase. These results unequivocally showed that both, ACIII
and caa3 oxygen reductase were present in the complex observed at
550 kDa in the BN gel.Fig. 7. Schematic representation of the structural and functional association between the alt
and II). The gray spheres represent c-type hemes, the smaller gray and black spheres repre
clusters, respectively.3.3.2. Functional association
The functional association of the ACIII and the caa3 oxygen
reductase was addressed by investigating the direct oxidation of the
former by the oxygen reductase. Fig. 6 shows the UV–Visible spectra
of the ACIII in the oxidized state and reduced by sodium dithionite. In
the presence of oxygen, sub-stoichiometric amounts of caa3 oxygen
reductase could reoxidise the ACIII.
Moreover, if the ACIII receives electrons from quinol and gives
electrons to the caa3 oxygen reductase, a complex formed by the two
enzymes should have quinol:oxygen oxidoreductase activity. This
activity was determined by measuring oxygen consumption by a 1:1
mixture of the two complexes upon addition of menadiol and a value
of 77.3 μM O2min−1mg−1 was obtained. Addition of KCN (the typical
oxygen reductases inhibitor) completely abolished O2 consumption,
while the addition of HQNO inhibited this activity by 45%
(34.8 μM O2min−1mg−1).ernative complex III (subunits A–G) and the caa3 oxygen reductase (catalytic subunits I
sent copper ions while cubes and pyramids represent [4Fe–4S]2+/1+ and [3Fe–4S]1+/0
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In the electron transfer respiratory chain of the bacterium R.
marinus the ACIII is the only enzyme which accepts electrons directly
from reduced quinones. As previously shown, it is capable of
performing the same function as the cytochrome bc1 complex,
although it does not belong to its family.
In this work, a seventh gene (ActG) in the gene cluster coding for
ACIII was revealed and the respective encoded protein was identiﬁed
as a subunit of ACIII of R. marinus. This gene was observed to be also
present in gene clusters coding for ACIII in other organisms [13].
Here we also addressed the interaction of ACIII with quinol and
caa3 oxygen reductase. We observed that the complex is reduced by
menadiol, the analogue of R. marinus physiologic quinone, and that
this reduction is inhibited by HQNO. The presence of at least one
quinol binding site in the ACIII was determined by ﬂuorescence
quenching titration of HQNO. In the case of cytochrome bc1 complexes
the HQNO binds only to one (Qi) of the two quinone binding sites
[32]; therefore, the presence of two ormore quinol binding sites in the
ACIII could not be excluded.
In several organisms, including R. marinus, ACIII coding genes are
followed by those coding for caa3 oxygen reductase. This observation
led to the hypothesis of a direct interaction between the two
complexes. The ﬁndings presented here showed that the ACIII and
caa3 oxygen reductase are structurally and functionally associated
with a 550 kDa complex (Fig. 7).
The functional association of the ACIII and the caa3 oxygen
reductase was further demonstrated by the observation of mena-
diol:oxygen oxidoreductase activity, upon mixing the two puriﬁed
complexes, which was KCN and HQNO inhibited. In cytochrome bc1
complexes, and according to the Q-cycle mechanism, the cytochrome
c1 is the last electron acceptor within the complex, transferring
electrons to the periplasmatic cytochrome c [33,34]. The monohemic
subunit of the ACIII is proposed to perform an equivalent role. In the
case of a direct interaction with caa3 oxygen reductase this subunit is
also proposed to replace the role of the periplasmatic electron carriers
(such as cytochrome c and HiPIP).
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